Forty-two ovine pestivirus isolates, collected over a period of 18 years, were compared by phylogenetic analysis. The viruses were mostly field isolates from Britain ; two others originated from Sweden and two from New Zealand. RT-PCR products were obtained from two genomic regions, one within the 5h-noncoding (5h-NC) region, and the other encompassing parts of the p20 (N pro ) and C coding regions. Direct sequencing of the 5h-NC PCR products, followed by computer-assisted phylogenetic analysis, divided the ovine pestiviruses into three main genotypes. The results demonstrated that sheep may naturally be infected not only with border disease virus (BDV), but also with bovine viral diarrhoea virus (BVDV) types I and II. The BDV isolates segregated into two principal subtypes
Introduction
The genus Pestivirus comprises four main virus types : bovine viral diarrhoea virus types I and II (BVDV-I and BVDV-II), classical swine fever virus (CSFV) and border disease virus (BDV) of sheep. All pestiviruses are economically important pathogens causing many postnatal and prenatal infections with losses in cattle, swine and sheep populations (Moennig & Plagemann, 1992) .
The sequencing of the complete genomes of BVDV-I prototype strains Osloss (Renard et al., 1987) , NADL (Collett The GenBank accession numbers of the sequences reported in this paper are U65022-U65064.
represented by the Moredun strain from Scotland and the 137/4 strain from England. The BVDV-I group was composed of three clusters, two of them represented by BVDV reference strains NADL and Osloss, respectively, and the third by ovine isolates D1120/1 and D1432/P. The grouping of ovine pestiviruses, based on comparative nucleotide sequence analysis of the 5h-NC region, was confirmed by comparative analysis of the p20 (N pro ) and C coding regions, performed both at the nucleotide and at the amino acid level. The presence of three genotypes in sheep, including BVDV-I and BVDV-II, indicates the inadequacy of the current hostspecies-based nomenclature and classification of pestiviruses.
et al., 1988) and SD-1 (Deng & Brock, 1992) , as well as BVDV-II prototype strain 890 (Ridpath & Bolin, 1995) and CSFV prototype strains Alfort (Meyers et al., 1989) and Brescia (Moormann et al., 1990) revealed very similar patterns of genomic organization. The pestivirus genome is a positive single-stranded RNA molecule, 12n5 kb in length. The open reading frame (ORF), which is flanked by a 5h-noncoding region (5h-NC) of 360-385 bases and by a 3h-noncoding region (3h-NC) of 228 bases, encodes proteins composed of 4000 amino acids, processed by viral and cellular enzymes. On the 5h end of the ORF the first protein is an autoprotease p20 (N pro ) (Wiskerchen et al., 1991 ; Stark et al., 1993) followed by the structural C nucleocapsid protein and by glycoproteins E0, E1 and E2 (Thiel et al., 1993) . The remaining 3h part of the ORF encodes nonstructural proteins.
Although the current classification of pestiviruses refers to the host species from which they were recovered, numerous investigations have proven that pestiviruses are not highly host-specific. It has been reported that BVDV can infect not only cattle but also sheep, swine, goat, deer and giraffe ; BDV infects sheep, swine and goat (for review see Paton, 1995) ; CSFV infects mainly pigs but experimentally also cattle (Loan & Storm, 1968) and goats (Shimizu & Kumagai, 1989) . Pestivirus infection of sheep, termed border disease, is characterized clinically by foetal death, intrauterine growth retardation, or by the birth of lambs with tremor and\or coat defects -so called ' hairy shaker ' or ' fuzzy ' lambs (Nettleton et al., 1992) . Earlier studies demonstrated that the pestiviruses from sheep can be antigenically subdivided into two groups which include BDV-like and BVDV-like viruses (Nettleton, 1987 ; Paton et al., 1991) . Recently, it has been shown that at the antigenic level the ovine pestiviruses can be divided into three groups that equate to BDV, BVDV-I and BVDV-II Paton, 1995) . Recent genomic characterization of ruminant pestiviruses has confirmed the presence of a new pestivirus group, BVDV-II, not only in cattle (Pellerin et al., 1994 ; Ridpath et al., 1994) but also in sheep (Becher et al., 1994 (Becher et al., , 1995 Sullivan & Akkina, 1995) .
So far, only a limited number of ovine pestivirus strains has been analysed at the genomic level. To our knowledge, although there are several reports on sequencing of certain fragments of the ovine pestivirus genome, these studies are based only on a few strains (Roehe et al., 1992 ; Berry et al., 1993 ; De Moerlooze et al., 1993 ; Lowings & Paton, 1993 ; Hofmann et al., 1994 ; Sullivan et al., 1994 ; Becher et al., 1995) . A more comprehensive genetic study of ovine pestiviruses has not yet been performed.
In this study we describe the genetic characterization of 42 ovine pestiviruses collected from Britain, Sweden and New Zealand over a period of 18 years. Phylogenetic analysis of the 5h-NC and N pro (p20) and the first part of the C structural protein genomic regions shows that at least three genotypes of pestiviruses circulate in the ovine population. More detailed study of the 5h-NC region of BDV has confirmed that there are two subtypes of this virus and that the organization of the region is similar to that in BVDV-I and BVDV-II as well as CSFV.
Methods
Virus strains. The Moredun (Vantsis et al., 1976) and Weybridge (Harkness et al., 1977) strains were used as reference ovine isolates. The relationship between the Moredun cytopathic (cp) and non-cytopathic (ncp) strains has recently been described (Becher et al., 1996) . Thirty-five ovine isolates were recovered from outbreaks of border disease in Britain between 1980 and 1993. Two ovine isolates, detected in Sweden in 1989 and 1990, respectively, were kindly provided by S. Alenius (NVI, Sweden), together with the BVDV strain 7535, which was isolated from a Swedish cow in 1992. Two ovine strains from New Zealand were kindly provided by J. Motha (MAF, New Zealand). The viruses had been propagated in a variety of cell cultures, including secondary ovine or bovine foetal cells, as well as low passage ovine testicle or bovine turbinate cells (Easton et al., 1994 ; Paton et al., 1994) . Precautions were taken to avoid BVDV contamination of cell cultures by screening all batches of foetal calf serum with immunofluorescent and immunoperoxidase methods, following the routine procedures of our institutes. Virus stocks were stored at k70 mC at low passage levels (for basic information on the isolates see Table 1 ). Samples (200 µl) of infected cell cultures were mixed with 270 µl PBS, 25 µl 20 % SDS and 5 µl proteinase K (16 mg\ml ; Boehringer Mannheim) and incubated at 56 mC for 25 min ; total RNA was extracted with equal volumes of phenol (saturated to pH 4n3)-chloroform (1 : 1, v\v ; Sigma). The RNA was subsequently precipitated with 2 vols cold 95 % ethanol in the presence of 0n3 M sodium acetate, pH 4n0 at k20 mC overnight. The precipitated RNA was pelleted, resuspended in 10 µl of sterile, double-distilled water and stored at k70 mC. cDNA synthesis. The mixtures for cDNA synthesis, consisting of 4 µl of extracted RNA, 1 µl (0n02 U) of random hexamers (Pharmacia) and 5 µl of water, were incubated at 65 mC for 5 min for RNA denaturation and then immediately chilled on ice for 5 min. Subsequently, 1 µl (24 U) of RNAguard (Pharmacia), 5 µl of 1st strand reaction buffer (Gibco BRL), 2n5 µl of 2 mM each dNTP (Pharmacia), 1 µl (200 U) of Moloney murine leukaemia virus reverse transcriptase (Gibco) and sterile water were added to a final volume of 25 µl. The reaction mixtures were incubated at 37 mC for 90 min and the enzyme was inactivated at 98 mC for 5 min. Synthesized cDNA was immediately used for PCR or stored at k70 mC.
Isolation of RNA.

PCR.
A 288 bp (in the NADL strain of BVDV type I) DNA fragment of the 5h-NC region was amplified from the synthesized cDNA using primers reported by Vilc) ek et al. (1994) : primer 324, 5h ATG CCC WTA GTA GGA CTA GCA 3h (W l A or T ; position in NADL 108-128) ; primer 326, 5h TCA ACT CCA TGT GCC ATG TAC 3h (position in NADL 395-375).
A 738 bp DNA fragment from p20 (N pro ) and a part of the C coding region (termed simply p20 below) were amplified using primers BD1 (5h TCT CTG CTG TAC ATG GCA CAT G 3h ; position in NADL 367-388) and BD2 [5h TTG TTR TGG TAC ARR CCG TC 3h (R l A or G); position in NADL 1104-1085].
PCR was carried out in a total volume of 50 µl. The reaction mixtures contained 5 µl of 10ireaction PCR buffer (100 mM Tris-HCl, pH 9n0; 500 mM KCl ; 1 mg\ml BSA), 5 µl of 25 mM MgCl # , 5 µl of 2 mM each dNTP (Pharmacia), 15 pmol of primers 324 and 326 or BD1 and BD2, 2 µl (1 U) of Taq DNA polymerase (Perkin Elmer-Cetus) and 4 µl of cDNA. The final volume was adjusted with sterile water and the reaction mixtures were overlaid with two drops of mineral oil (Sigma). In vitro amplification of DNA was carried out in a Perkin Elmer-Cetus thermocycler using the following thermal profile : denaturation at 94 mC for 1 min, annealing at 56 mC or 52 mC (for primers 324 and 326 or BD1 and BD2, respectively) for 1 min, extension at 72 mC for 1 min. After 35 cycles the last extension step was prolonged for 7 min. PCR products were analysed in 2 % agarose gels with 0n5iTBE as running buffer. The DNA bands were stained in ethidium bromide solution and visualized under UV light (Sambrook et al., 1989) .
Sequencing of PCR products. The PCR products were sequenced in both directions with primers 324 and 326 (for the 5h-NC region) or BD1 and BD2 (for the p20 region) using an ABI PRISM sequencing device, based on the incorporation of fluorescent labelled dideoxynucleotide terminators.
Computer analysis. The nucleotide and deduced amino acid sequences were aligned by the multiple program DNASTAR (DNASTAR Inc.) by using the clustal method (Higgins & Sharp, 1989) . Phylogenetic analysis was done using the MegAlign program of the DNASTAR package, based on the distance method.
Results
Grouping of ovine pestiviruses in the 5h-NC genomic region
The comparison of nucleotide sequences of a 251 bp DNA fragment, flanked by primers 324 and 326, is given in Fig. 1 . In order to illustrate the grouping of strains, the sequences for BVDV-I reference strains NADL and Osloss, BVDV-II strain 890, BDV strains Moredun cp and ncp, and CSFV strains Alfort and Brescia are also presented. As the figure illustrates, the analysed ovine pestivirus sequences are grouped into at least three branches, representing the genotypes of BVDV-I, BVDV-II and BDV. The sequences of CSFV laboratory strains did not have counterparts among the ovine pestiviruses tested (Fig. 1) .
The phylogenetic tree, prepared with the nucleotide sequence data from Fig. 1 , divided the viruses into four genotypes : CSFV, BDV, BVDV-I and BVDV-II (Fig. 2) . The BDV strains were further subdivided into subtypes A and B. Twelve ovine isolates were in the same genotype as reference strains of BVDV-I from cattle. Within this genotype three clusters were observed. In one of the clusters, represented by Thick lines above the sequences indicate highly conserved regions in all pestiviruses studied. Two variable regions are double overlined (VR II and VR III, respectively). A pyrimidine-rich region is marked with an arrow. Sequences for laboratory reference strains taken from the literature are in bold type : strain NADL from Collett et al. (1988) ; Osloss from Renard et al. (1987) ; Alfort from Meyers et al. (1989) ; Brescia from Moormann et al. (1990) ; and strain 890 from Pellerin et al. (1994) . Dots indicate the same sequence as in the majority, a dash illustrates gaps, * indicates cattle pestivirus, ** indicates pig pestivirus. Fig. 2 . Phylogenetic tree of ovine pestiviruses generated from sequences from the 5h-NC region. Sequences were taken from data presented in Fig. 1 . * indicates cattle pestivirus, ** indicates pig pestivirus. The scale below the trees measures the evolutionary distances between the sequences. Units indicate the number of substitution events.
BVDV reference strain NADL, approximately 26 % of the British ovine isolates were found. The second cluster, represented by BVDV reference strain Osloss, contained the two ovine isolates and one bovine isolate from Sweden. Two
British ovine pestivirus isolates (D 1120\1 and D 1432\P) formed a third cluster (Fig. 2) . The isolates from sheep were segregated into the BDV and both BVDV genotypes but not into the CSFV genotype. Although the strains have been collected over 18 years, there was no correlation between the year of virus isolation and their position in the phylogenetic tree. There was, however, strong identity between virus isolates collected from the same outbreak, i.e. Q1488\1 and 6, Q1161\1 and 2, and D1120\1 and D1432\P. Isolates L991 and Q1673\2 also arose from the same outbreak ; L991 was isolated from a newborn lamb in 1988 while Q1673\2 was recovered from a persistently infected sheep born 2 years earlier (P. Nettleton, unpublished results) .
Nucleotide sequence analysis of the 5h-NC region
The 5h-NC region contains three variable regions, termed I, II and III (Deng & Brock, 1993) . Regions II and III are included in our data (Fig. 1, double overlined sequences) . Comparison of these regions in different phylogenetic groups (BDV, BVDV-I, BVDV-II) revealed that both are variable in the BVDV-I genotype. In contrast, region III was less variable in both subtypes of BDV (Fig. 1) . No conclusion was possible for the BVDV-II genotype, due to the low genetic divergency of the tested strains. Interestingly, some sequences, especially two regions (thick overlined sequences in Fig. 1 ), are strongly conserved in all pestivirus strains listed. These regions can be regarded as potential targets for general pestivirus PCR primers.
A 24 nucleotide stretch, ATCTCTGCTGTACATGGC-ACATGG, representing position 366-389 in the genome of BVDV-I reference strain NADL, was completely conserved in the genome of the tested strains (the first part of this sequence is shown in Fig. 1 , marked with an arrow). This conservative sequence contains two putative ATG polyprotein initiation codons (underlined sequence).
The nucleotide identity in the sequenced region of the BDV strains varied from 90-99 %. Compared with other pestiviruses, the BDV strains showed 72-80 % identity with CSFV, 57-65 % with BVDV-I and 53-59 % with BVDV-II.
Nucleotide and amino acid sequence analysis of the p20 region
To confirm the grouping of ovine pestiviruses determined in the 5h-NC region, 17 selected strains were also analysed in the p20 region, encoding the viral autoprotease, as well as in the first part of the C region, encoding the first viral structural protein, p14. As the phylogenetic tree shows, the same grouping of ovine pestiviruses was found at the genomic and amino acid level (Fig. 3A, B) . The ovine pestivirus strains were divided into BDV, BVDV-I and BVDV-II genotypes. The CSFV strains Alfort and Brescia formed an additional phylogenetic group. The BDV and BVDV-I genotypes were subdivided into two subtypes comprising the same strains as were observed in the 5h-NC region (Fig. 3A, B) .
The calculated similarity of deduced amino acid sequences indicated 77-100 % similarities in the BDV genotype, while BDV showed 86-70 % similarity with CSFV, 61-67 % with BVDV-I and 62-66 % with BVDV-II.
Discussion
This report includes the largest collection of ovine pestiviruses analysed so far by genetic comparison. Using 5h-NC region sequence data, the isolates examined were segregated into three main genotypes and this grouping was confirmed using the p20 encoding sequence data from a representative subset of 17 virus isolates. Comparison of our data with available sequence information from previously characterized pestiviruses from sheep, cattle and pigs revealed that one genotype (BDV) appears to be unique to sheep, and the other two genotypes comprise many additional isolates from cattle (BVDV types I and II). Our ovine isolates in the BDV and BVDV-I genotypes can each be further classified into two subtypes.
There are several reports of genetic sequence comparisons between ovine and other pestiviruses, but the total number of ovine isolates examined has been small and not all of the results can be compared because of the different regions of the genome sequenced (Becher et al., 1994 (Becher et al., , 1995 Hofmann et al., 1994 ; Sullivan et al., 1994) . Nevertheless, the findings obtained concur with the antigenic studies, identifying three pestivirus genotypes from sheep Paton, 1995) .
Although the nucleotide variability is higher in the p20 region than in the 5h-NC region, the same virus relationships were observed using phylogenetic comparisons of either the 5h-NC region sequence or the p20 coding sequence. The 25 ovine isolates placed in the BDV genotype (Fig. 2) were genetically heterogeneous, forming several lineages within two main subtypes. Approximately 60 % of the British ovine isolates examined were in the BDV genotype, including isolates made between 1976 and 1993 from a wide range of regions. Apart from the strong identity between the four pairs of isolates from individual disease outbreaks, there was no obvious correlation between the type or subtype classification of isolates and the time or region of isolation. For instance, isolates from the Lothian region of Scotland were placed in both BDV subtypes as well as in the BVDV-I genotype. This suggests concomitant circulation of a variety of genetic subtypes, consistent with the fact that considerable movement of sheep occurs in the UK, with few measures being taken to control the spread of pestiviruses. The two New Zealand isolates formed a separate lineage within the second BDV subtype. As reported previously (Roehe et al., 1992 ; Lowings & Paton, 1993 ; Becher et al., 1994) the BDV genotype appears more closely related to CSFV than to BVDV.
The BVDV-I genotype was composed of three subtypes, two of them represented by reference strains NADL and Osloss, respectively. Once again, there is no obvious relationship between genotypes and virus origin. Whereas the British ovine isolates in the BVDV-I genotype were most closely related to the NADL strain, which has been categorized as subtype IA by Pellerin et al. (1994) , the Swedish isolates were more similar to the Osloss strain, which represents subtype IB. This confirms our previous conclusion from the analysis of the E2 genomic region of these Swedish ovine isolates . It seems that the existence of at least two subtypes is a characteristic feature of the four main pestivirus genotypes, since cattle isolates of BVDV-II have also been subdivided (Ridpath et al., 1994) , as have isolates of CSFV (Lowings et al., 1996 ; Vilc) ek et al., 1996) . A third cluster, represented by British ovine isolates D1120\1 and D1432\P, appeared more distinct, suggesting that further subtypes are probably present in BVDV-I. Additional studies are required to better define the phylogenetic position of these ovine isolates within the BVDV-I genotype.
Five ovine isolates were in a separate genotype along with strain 890, an American representative of BVDV-II, obtained from cattle. These five isolates were all previously typed as ' atypical ' pestiviruses by Paton et al. (1994) . Four of the five isolates have identical sequences in the 5h-NC region, and of these, the three that were examined in the p20 coding region were also found to be identical. The four identical isolates purport to come from three entirely separate regions of Britain, but were all isolated within a 2 month period at the same laboratory. Considering the genetic divergency of most other isolates examined here, this may indicate recent introduction of a new virus type to Britain and\or a greater stability of the 5h-NC region in BVDV type II. An alternative possibility is that the identical viruses are laboratory contaminants from a common batch of bovine foetal calf serum (Levings & Wessman, 1991) . However, considering that special precautions were taken throughout the work to avoid contamination, the probability of this accident is rather unlikely. If BVDV-II isolates are discounted from the tally of British ovine pestiviruses, then the percentage of isolates in the BDV and BVDV-I genotypes becomes 70 % and 30 %, respectively.
Computer modelling of the 5h-NC region of the family Flaviviridae has shown that the RNA can form stable, stemloop secondary structures. The main domain D (Deng & Brock, 1993 ; equivalent to domain III of Brown et al., 1992) , is structurally conserved and has recently been shown to represent an internal ribosome entry site for pestivirus translation (Poole et al., 1995) . Of three variable regions within the 5h-NC region (Deng & Brock, 1993) , regions II and III are in domain D, analysed in this study. It appears that whereas both regions II and III are variable in ovine (this study, Fig. 1 ) and bovine isolates Pellerin et al., 1994) within the BVDV-I genotype, there is less variability in region III of isolates in the BDV genotype (Fig. 1) . By comparison, CSFV isolates have a very low variability in these regions (Stadejek et al., 1996 ; SB . Vilc) ek & S. Bela! k, unpublished results) and it may be speculated that these differences reflect evolutionary adaptation to different hosts. The strong conservation of nucleotide stretch ATCTCTGCTGTACATGGCACATGG, containing the putative polyprotein start codon ATG, suggests that this region has an important role in virus protein translation.
Correct differentiation of pestiviruses is still a real virological problem. Monoclonal antibodies are used for antigenic typing of pestiviruses (Paton, 1995) , whilst at the genomic level, specific RT-PCR or RT-PCR combined with RFLP discrimination are also useful (Katz et al., 1993 ; Wirz et al., 1993 ; Vilc) ek et al., 1994) . Recently, a highly specific RT-PCR assay for differentiation between all four genotypes of pestivirus has been described (Sullivan & Akkina, 1995) .
However, at present, the most specific method for virus typing is sequencing a part of the viral genome and comparing sequences by phylogenetic means Hofmann et al., 1994 ; Pellerin et al., 1994 ; Ridpath et al., 1994 ; Vilc) ek & Bela! k, 1996) . This technique can type all poorly characterized pestiviruses and has the potential to recognize new genotypes. Because of the fine resolution achieved between isolates using this approach, the origin of isolates can be determined : for example, in the case of commonly occurring pestivirus contaminants of cell cultures and animal and human vaccines (Harasawa, 1994 ; Harasawa & Mizusawa, 1995) .
In conclusion, our present results provide additional data which confirm that the classical host-species-based terminology of pestiviruses is confusing, because these viruses are not strictly host-specific. Taking into account the results presented here, we support the proposal of Becher et al. (1995) who suggested that the nomenclature should be based on virus similarity as shown by genetic sequence comparisons. Accordingly, the four pestivirus genotypes would be described in a ' non-specist' manner : BVDV-I as PEST-1, CSFV as PEST-2, BDV as PEST-3 and BVDV-II as PEST-4. Using the new terminology, the pestiviral diseases of sheep can result from infections with viruses of genotypes PEST-1, PEST-3 and PEST-4.
